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323Think Globally, Act Locally:
Local Translation and Synapse
Formation in Cultured
Aplysia Neurons
Synapse formation is initiated by cell-cell contact be-
tween appropriate pre- and postsynaptic cells and is
followed by recruitment of protein complexes in both
pre- and postsynaptic compartments. In this issue of
Neuron, Lyles et al. show that in cultured Aplysia neu-
rons, clustering of an mRNA at nascent synapses is
not only induced by the recognition between synaptic
partners, but is also required for further synaptic de-
velopment and maintenance.
Neurons are large, highly differentiated cells with com-
plex morphologies. Synapses, the business ends of
neurons, are frequently localized in distal neurites, far
away from the cell body. How do distal neurites acquire
and maintain the repertoire of proteins that are required
for synaptic function? In many cases, passive diffusion
is not fast enough to efficiently deliver proteins and or-
ganelles to synapses due to the great distance between
the neuronal cell body and distal neurites. Two active
mechanisms have been proposed to supply the distal
compartments with their constituents. First, protein
may be synthesized in the cell body and transported to
distal neurites. A large family of molecular motors traffic
cytosolic components and organelles back and forth
between neurites and the cell body (Vale, 2003). Alterna-
tively, protein synthesis may take place locally in neu-
rites. A growing body of evidence supports the notionthat local translation in neurites is important for the de-
velopment and plasticity of neural circuits. It is worth
noting that local translation requires the presence of
mRNA, ribosomes, and translational machinery at neu-
rites, which is likely to depend on molecular motor-
based intracellular trafficking.
Classic experiments performed by Oswald Steward
and colleagues showed that polyribosomes were selec-
tively localized beneath postsynaptic sites in the den-
drites of CNS neurons (Steward, 1983; Steward and
Fass, 1983; Steward and Levy, 1982). Later studies
showed that both mRNA and translation machinery
were present at dendritic spines (reviewed by Steward
and Schuman, 2001). The presence of particular tran-
scripts in axonal growth cones and their importance in
axon guidance have also been suggested (Brittis et al.,
2002; Campbell and Holt, 2001). Still, many questions re-
garding mRNA localization and function at synapses
have not been clearly addressed. For example, at what
point in time does a particular mRNA localize to synap-
ses during the course of synapse formation and matura-
tion? What developmental events trigger this clustering
at synapses? Is the increased concentration of mRNA at
synapses due to redistribution of preexisting mRNA or
due to new transcription? Finally, is synaptic mRNA re-
quired for synapse formation? In this study, Lyles et al.
(2006) presented an elegant set of experiments to ad-
dress these questions while studying the neuropeptide
sensorin.
In culture, Aplysia neurons form functional synapses,
whose activity can be readily measured with electro-
physiology. Remarkably, synapse formation in vitro
maintains target specificity found in intact animals,
whereby isolated Aplysia sensory neurons preferentially
form synapses onto the motor neurons that are their nat-
ural postsynaptic partners. These features, combined
with the ability to perform RNA interference and in situ
hybridization experiments, make cultured Aplysia neu-
rons an ideal system for testing mRNA localization and
function at synapses. The authors found sensorin tran-
script in a cDNA library from isolated processes of sen-
sory neurons. Consistent with previous reports, they
found that sensorin mRNA is localized in distal neurites
(Brunet et al., 1991). More specifically, they reported that
sensorin mRNA is particularly concentrated at presyn-
aptic sites. Furthermore, this clustering effect is most ef-
ficiently induced when the appropriate target neurons
are cocultured, suggesting that recognition between
synaptic partners triggers mRNA localization at synap-
ses.
Next, the authors analyzed the mechanism of sensorin
mRNA localization by asking whether the clustering of
mRNA is due to redistribution of existing mRNA or syn-
thesis of new mRNA. Surprisingly, they found that a tran-
scriptional inhibitor, actinomycin D, blocks synaptic ac-
cumulation of sensorin mRNA. This result implies that
the synaptically localized sensorin mRNA is a new pop-
ulation of mRNA that is induced by synapse formation
signals. It also suggests that there must be differences
between the newly synthesized mRNA and the preexist-
ing mRNA to aid the selective accumulation of new
mRNA at synapses. Therefore, signals generated by na-
scent synapses must travel to the nucleus to stimulate
the transcription of sensorin. The newly synthesized
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subsequently ‘‘trapped’’ by synapses.
What is the function of the synaptically localized sen-
sorin mRNA? Previous studies showed that sensorin is
localized in axons and varicosities and can be released
from sensory neurons when cocultured with appropriate
synaptic targets (Hu et al., 2004). An activity-neutralizing
sensorin antibody was found to inhibit synapse forma-
tion, suggesting that sensorin plays an indispensable
role in sensory-motor synapse formation in cultured
Aplysia neurons (Hu et al., 2004). To test the function
of synaptically localized sensorin mRNA, the authors
used dsRNA to knock down the level of sensorin mes-
sage. Interestingly, they found that dsRNA treatment
abolishes the enrichment of sensorin mRNA at synapses
without affecting the level or synaptic localization of
sensorin protein. The same dsRNA treatment also
strongly inhibits synaptic strength. These data suggest
that new translation of sensorin mRNA is required for
synapse formation or maintenance, which also implies
that sensorin protein is more stable than sensorin mRNA
and that newly synthesized sensorin protein is different
from the preexisting sensorin protein at synapses.
Taken together, the experiments presented in this pa-
per support the following model. During synapse forma-
tion, appropriate pre- and postsynaptic partners recog-
nize each other and send certain signals to the nuclei of
sensory neurons to stimulate the transcription of genes
like sensorin (Figure 1). The newly synthesized mRNA
carries tags that allow it to be targeted to nascent syn-
apses. The synaptically localized mRNA is subsequently
translated in the distal axon, which produces sensorin
protein. Sensorin protein is restricted to synapses and
potentially released by sensory neurons, which is essen-
tial for synapse formation or maintenance.
This model raises several interesting points about
synapse formation. First, synapse formation involves re-
cruitment of not only proteins and organelles such as
synaptic vesicles, but also mRNA. The fast dynamics
of sensorin mRNA recruitment is suggestive of its impor-
tance during the early phase of synaptogenesis, which is
further supported by the observation that the functional
synaptic current depends on synaptically localized sen-
sorin mRNA. Interestingly, appropriate postsynaptic
partners trigger synaptic accumulation of mRNA in
sensory neurons more efficiently than nontarget motor
neurons. Experiments presented in this paper do not di-
rectly address the question of whether sensorin is in-
volved in establishing synaptic target specificity, or
whether it functions downstream of the specificity
mechanisms to increase synaptic efficacy. In other
words, is sensorin sufficient to override synaptic target
specificity or sufficient to increase synaptic efficacy? A
previous study showed that addition of sensorin protein
to culture media increases both the EPSP amplitude and
the number of varicosities when sensory neurons are
cocultured with their appropriate synaptic targets (Hu
et al., 2004). It would be interesting to know whether
the addition of sensorin would be sufficient to trigger
synapse formation when sensory neurons are cocul-
tured with inappropriate target motor neurons.
Second, one of the intriguing discoveries presented
here is that sensorin dsRNA treatment does not affect
sensorin protein localization but does affect synapseformation, suggesting that local translation at synapses
is essential for the function of sensorin. Why do neurons
need additional translation at synapses when there is
plenty of sensorin protein in the neurite already? The
same question can be asked for other neuritically local-
ized mRNAs such as CaMKII and b-actin. This manu-
script presents exciting results that highlight the poten-
tial functional difference between the newly synthesized
mRNA and sensorin protein compared with the existing
mRNA and protein. These findings imply that posttran-
scriptional and posttranslational modifications may be
used to tag mRNA and protein, which then alters the lo-
calization and biological function of sensorin. It is con-
ceivable that the turnover of such tags can serve as
a ‘‘clock’’ to regulate the biological activity of sensorin.
Future understanding of the nature of these modifica-
tions will uncover new molecular mechanisms that con-
tribute to target specificity and synapse formation.
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Figure 1. A Model for the Local Actions of Sensorin during Synapto-
genesis
Cell contact and recognition between a sensory neuron and its ap-
propriate target motor neuron lead to transcriptional activation of
sensorin gene in the nucleus. Subsequently, newly transcribed sen-
sorin mRNA is trafficked to synapses. Local translation of synaptic
sensorin mRNA leads to the synthesis of active sensorin protein,
which is essential for the progression of synapse formation.
in the lineage specification of T lymphocytes (Taniuchi
et al., 2002). Runt domain factors have received particu-
lar attention in the DRG because Runx1 and Runx3 are
expressed at high levels in developing sensory neurons
(Levanon et al., 2001, 2002). Further, the expression pat-
terns of Runx genes appear to correlate with functional
subtypes with Runx1 being expressed by the TrkA+ pop-
ulation and Runx3 being expressed by the TrkC+ popu-
lation. Two prior studies have additionally suggested
that Runx3 is essential for appropriate regulation of spi-
nal axon targeting of proprioceptive TrkC+ DRG neurons
(Inoue et al., 2002; Levanon et al., 2002).
At early stages of DRG development, Runx1 is ex-
+
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Sensory Differentiation
Somatosensory stimuli are encoded by molecularly
andanatomicallydiverseclassesofdorsal root ganglia
(DRG) neurons. In this issue of Neuron, three papers
demonstrate that the Runx transcription factors,
Runx1 and Runx3, respectively regulate the molecular
identities and spinal terminations of TrkA+ nociceptive
neurons and TrkC+ proprioceptive neurons. These
findings emphasize the importance of intrinsic genetic
programs in generating the diversity of DRG neurons
andspecifying thecircuits intowhich they incorporate.
Dorsal root ganglia sensory neurons provide an excellent
model system for studying the signaling mechanisms
that underlie neuronal diversity. No other group of neu-
rons is as well characterized in terms of molecular
markers and physiological functions. Two major classes
that can be defined from early stages of DRG develop-
ment are TrkA-expressing/NGF-dependent neurons,
many of which have cutaneous targets and transduce
pain-producing stimuli (referred to as nociceptors)
and TrkC-expressing/NT3-dependent neurons, many
of which innervate muscle spindles in the periphery
and mediate sense of position (referred to as propriocep-
tors). These functionally distinct populations have char-
acteristic projection fields in the spinal cord. The axons
of nociceptive neurons terminate within the superficial
dorsal horn. In contrast, proprioceptive axons project
more ventrally to reach targets in the intermediate zone
and synapse onto motor neurons in the ventral horn.
Prior to the publication of these three papers in Neu-
ron, very little was known about the transcriptional
mechanisms that regulate the development of these
two classes of sensory neurons. The present studies
highlight a pivotal role for Runx transcription factors in
cell-autonomously regulating the differentiation of these
functionally distinct cell types (Chen et al., 2006a, 2006b;
Kramer et al., 2006).
Runx family genes (also referred to as CBFas) are
characterized by the Runt (Drosophila run gene) DNA
binding domain and heterodimerize with a common co-
factor CBFb (Ito, 2004). In mammals, there are three
Runx family genes, Runx1, Runx2, and Runx3. In the
mouse immune system, Runx genes have critical roles
pressed in all TrkA neurons (Levanon et al., 2002;
Chen et al., 2006a; Kramer et al., 2006). The TrkA+ pop-
ulation undergoes differentiation into a variety of sub-
types during mid to late embryonic development and
early postnatal life. Two of the most striking changes
are appearance of the neuropeptide CGRP in a subset
of TrkA+ neurons and the downregulation of TrkA and
upregulation of the GDNF receptor, Ret, in another sub-
set (Molliver et al., 1997). Chen et al. (2006a) now dem-
onstrate that expression of Runx1 segregates with this
latter population in late embryonic development and
early postnatal life.
To address the functions of Runx1 related to nocicep-
tor differentiation, Chen et al. (2006a) generated Runx1f/f:
Wnt1-Cre+ mice in which Runx1 was ablated in all DRG
neurons from the onset of DRG development. Their
data show clearly that Runx1 function is essential for
the transition from TrkA to Ret in a subset of nociceptive
neurons and for repression of CGRP expression proba-
bly in this same subset. Further, they demonstrate con-
vincingly that Runx1 is required for the expression of a
variety of proteins critical for nociceptor function. Thus,
in conditional Runx1 nulls, expression of a number of
nociceptor-specific G protein coupled receptors, ATP
channels, and TRPV channels is severely attenuated.
Regulation of the TRPV channels is particularly impor-
tant because these are known to be required for appro-
priate responses to noxious heat (Caterina et al., 2000).
Runx1 is thus the first transcription factor identified
that is specifically required for the expression of noci-
ceptive markers in DRG neurons.
To further investigate the role of Runx1 in regulating
nociceptor differentiation, Chen et al. studied the spinal
targeting of nociceptor axons in the Runx1 conditional
nulls. In normal adult mice, TrkA+ afferents project
to laminae I and IIo of the dorsal horn, whereas Ret+
afferents, which can be labeled by the lectin IB4, proj-
ect to deeper dorsal laminae (Molliver et al., 1997; Zylka
et al., 2005). Chen et al. (2006a) show that loss of Runx1
expression switches the targeting of the IB4+ afferent
projection from lamina IIi to the most superficial laminae
I/IIo. Thus, spinal axon targeting of nociceptive neurons
is regulated by Runx1 in association with regulation of
biochemical phenotypes.
An important feature of the Runx1 conditional nulls is
that the mice survive postnatally allowing for behavioral
studies. A comprehensive behavioral analysis showed
that temperature sensitivity was attenuated in Runx1
conditional nulls. Impaired responsiveness to mechani-
cal stimuli in the context of chronic neuropathic pain but
not to acute mechanical stimuli was also demonstrated
